HASE-CONTRAST MR imaging has been used to evaluate CSF flow in patients with tonsillar ectopia (CM-I). [1] [2] [3] 6, 7, 9, 11, 12 The evaluation of CSF velocities may aid surgeons in understanding the pathophysiological characteristics of these malformations and in selecting appropriate therapeutic procedures. 3 One clinically useful measure of CSF flow is the peak velocity that occurs during systole or diastole. 4, 5, 10 Peak CSF velocities at the foramen magnum differ significantly between adult patients with a symptomatic CM-I and age-matched control volunteers.
tomical images at the level of the foramen magnum. Magnetic resonance images were acquired in the selected plane by using a commercially available phase-contrast flow sequence (flip angle 20˚, TR 20 msec, TE 5 msec, slice thickness 5 mm, field of view 180 mm, matrix 256 ϫ 256, encoding velocity 10 cm/second). The acquisition was gated by triggering from the R wave of the electrocardiogram or from the oximeter. Fourteen image frames were acquired at regular time intervals to fill the R-R interval as completely as possible. The offset velocity, estimated from the velocity of stationary tissue, was used to correct for phase shifts introduced by currents. The spatial resolution within each image was 0.7 mm/pixel. A region of interest encompassing the foramen magnum and excluding the vertebral arteries was defined. Peak diastolic and systolic CSF velocities within the region of interest were calculated using software that originally accompanied the imaging console. The MR imaging procedure was then terminated and the child returned to the recovery area.
Ten adult volunteers were studied using the same phasecontrast MR sequence. They were not sedated for the procedure, but otherwise the imaging technique was the same. The volunteers, whose consent was obtained, ranged in age from 21 to 61 years, and they all claimed to be in good health. The velocities in this group have been reported previously. 10 The flow images in each individual were inspected for evidence of inhomogeneous flow patterns, jets, or synchronous bidirectional flow. Peak systolic and diastolic velocities were tabulated. Using software in the display console, the greatest velocity in a caudad direction during systole in a single voxel was recorded. The time course of velocities for this voxel over time was inspected to verify the presence of oscillatory flow in the voxel. Peak diastolic velocity was calculated in a similar manner. The peak systolic and diastolic velocities in each person were plotted according to the age of the individual. These velocities were fitted separately to a second-order polynomial curve. Differences between peak systolic and diastolic flow of CSF in the pediatric and the adult groups were tested for significance by using the Student t-test of the means, with significance set at 0.05 and unequal variances assumed.
Results
Technically satisfactory flow measurements were obtained in the 10 children. Data regarding age, clinical diagnoses, and peak velocities appear in Table 1 . Indications for MR imaging in the individuals selected for the study included headaches or follow up for a small supratentorial lesion that was benign.
Inspection of the flow images revealed qualitative and quantitative differences between the adult and pediatric groups. In the children, the inhomogeneity of the foramen magnum flow was more marked, with greater flow being present in the anterolateral subarachnoid space than in the midline (Fig. 1) . In neither group was there evidence of simultaneous bidirectional flow.
In the pediatric patients, peak systolic velocities of CSF averaged 6.9 cm/second (range 2.2-19.9 cm/second), and peak diastolic velocities averaged 6.1 cm/second (range 1.9-17.8 cm/second; Table 1 ). Peak velocities appeared to decrease with age in the pediatric group, with higher values in the first decade of life than in the second (Fig. 2) .
In the adult volunteers, ages ranged from 21 to 61 years.
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Variations in peak CSF velocities in the foramen magnum Peak systolic velocities ranged from 1.2 to 3.3 cm/second (mean 2.4 cm/second), and peak diastolic velocities ranged from 1.6 to 4.5 cm/second (mean 2.8 cm/second). After the second decade of life, peak velocities did not exceed 4.5 cm/second and did not appear to change with age (Fig. 2) . The differences in peak systolic and diastolic velocities between the pediatric and adult groups were significant (p Ͻ 0.01 and p = 0.02, respectively). A trend line (y = cx b ) fitted to the diastolic or systolic velocities shows age-related trends.
Discussion
Analysis of findings from this study demonstrates significantly greater CSF velocities and range of CSF velocities in the foramen magnum in healthy children compared with those in adults. This decrease in CSF flow with age is particularly notable in the first two decades of life. This study highlights the importance of using age-matched control individuals to identify the pathological characteristics of CSF flow in the foramen magnum.
Peak CSF velocity-that is, the highest velocity reading in a voxel during the systolic or diastolic phase of CSF flow-may be a useful index of the functional effect of a foramen magnum pathological entity such as a CM-I. 4 Abnormalities in CSF flow can be obscured when velocities are averaged over some or all of the subarachnoid space, because regions with slow or countercurrent flow offset regions with increased flow. The degree of heterogeneity in CSF flow can be assessed by observing peak velocity, uniformity of the velocity pattern, and presence of simultaneous bidirectional flow in the foramen magnum. The most heterogeneous flow patterns are observed in cases of symptomatic CM-I. 5, 8 The variation of CSF velocities with age has been mentioned in previous reports. Armonda, et al., 1 determined that the younger patients with CM-I had higher velocities, but they did not study healthy pediatric individuals. Bhadelia, et al., 2 studied CSF velocity in eight children and seven adults with CM-I as well as 23 control participants, but they did not tabulate results separately for adults and children. Similarly, in a series of patients with CM-I and healthy volunteers ranging in age between 3 and 79 years, Hofmann, et al., 7 did not tabulate results separately for the different age groups.
Although our results suggest that flow velocities in the foramen magnum are age dependent, the study does not establish norms for CSF flow for all ages. When different techniques are used to acquire data and calculate CSF flow, different values may be obtained. The selection of the axial slice in which velocity is measured may bias results. Different peak velocities might have been measured at different levels near the foramen magnum. One of the limitations of the present study is that CSF flow is characterized only in one slab of tissue at the foramen magnum. To be certain that the most extreme CSF velocities have been identified, multiple slices or a volume acquisition may be required. Furthermore, the effect of sedation or anesthesia on CSF flow patterns cannot be gauged. Participant selection may have biased results, because the children had indications for the performance of an MR imaging procedure and the adults did not. Although we selected only children who were unlikely to have overt CSF flow abnormalities,the inclusion of some children with abnormal CSF flow cannot be excluded. Recruiting healthy children for an MR imaging study that requires sedation is not justified. The small number of children in this study was also the result of ethical considerations.
Conclusions
Pulsatile CSF flow through the foramen magnum seems to differ between children and adults, with higher peak velocities and greater inhomogeneity in children. To determine the significance of flow measurements in pediatric patients, velocities must be compared with those in healthy volunteers who are approximately the same age.
